A two-component system (TCS) comprising a histidine kinase (HK) sensor and a response regulator (RR) plays important roles in regulating the virulence of many pathogenic bacteria. We used a new screening method to isolate novel inhibitor Art1 against bacterial sensory HK from an acetone extract of solid cultures of Articulospora sp., an aquatic hypomycete. Art1 inhibited the ATP-dependent autophosphorylation of recombinant glutathione S-transferase-fusion protein SasA, a cyanobacterial HK, with an IC 50 value of 9.5 g/ml.
The sophisticated signal transduction mechanism called a two-component system (TCS) allows bacteria to adapt to physical and chemical environments.
1) A sensor-type histidine kinase (HK) senses a signal ligand at its sensor domain and then the conserved histidine residue in domain A is autophosphorylated. This phosphorylated HK then transfers the phosphate to a conserved aspartate residue in the receiver domain of its cognate response regulator (RR) which consequently regulates gene expression by binding specifically to the target promoter DNA.
2) A two-component system controls the transcription of essential and non-essential genes in bacteria which regulate the responses to critical changes in the surrounding circumstances such as osmolarity,
3) nutrient uptake, 4) redox potential, 5) sporulation, 6) expression of virulence factors, 7, 8) and resistance to antibiotics. 9) An inhibitor of essential HKs is likely to be an antibiotic with a novel mode of action, and some inhibitors might control the virulence of pathogens, or be used as additional agents to cancel the resistance to existing antibiotics. The TCS comprises one of the most widespread signal transduction systems in bacteria, yeasts, fungi and higher plants, whereas mammals, including humans, use an alternative signal transduction system that incorporates serine, threonine and tyrosine phosphorylation. In other words, mammals lack HK, and this enzyme can thus be a specific target of novel antibiotics. 10) We developed a screening method to identify new HK inhibitors by using the recombinant bacterial HK, Synechococcus adaptive-response sensory-kinase A (SasA). SasA interacts with KaiC protein 11) which is an essential component for the circadian clock of the cyanobacterium. The reason why we adopted SasA in this study is that all HKs share a highly conserved motif (called the H-box) around the autophosphorylated histidine residue, 12) the sequence of which is the basis for HK classification into five subtypes. 13) Since SasA belongs to the largest (or most common) family (type I), which comprises over 80% of all known HKs, an SasA inhibitor should be potent for a variety of HKs.
11)
We chose aquatic hyphomycetes (aquatic imperfect fungi) as the screening source for the HK inhibitor. Aquatic hyphomycetes are a phylogenetically diverse group of mitosporic fungi with peculiarly shaped spores which are specifically adapted to an aquatic environment. 14) As a typical habitat, they grow on submerged dead leaves and wood, and are deeply involved in the decomposition of plant-derived materials in a freshwater ecosystem. They might be novel sources of natural bioactive products because their components have not been investigated in detail due to difficulties in isolation and cultivation. We show in this report the isolation, structure and biological activity of the poly- 
Materials and Methods
General procedures. We measured ESI-TOF MS and ESI-TOF HRMS data by using a Marinar ESI-TOF system (Applied Biosystems). We recorded 1 H-and 13 C-NMR spectra at 400 and 100 MHz, respectively, in CD 3 OD with an Avance 400 (Bruker Biospin) at room temperature. The signal of the deuterated methanol ( C 49.0 and H 3.30) was used as an internal standard.
Isolation of the tester fungi. Samples of decaying leaves and twigs were collected from a stream at Shiretoko (Hokkaido), Shirakami mountain (Aomori), Hakusyu (Yamanashi), Kamakura (Kanagawa), Hakone (Kanagawa), and Okutama district (Tokyo) from January to December in 1995. The plant samples were subjected to an air-bubbling procedure 15, 16) to obtain a foam which contained fungal spores. The spore-containing foam samples thus obtained were purified by the single-cell isolation method, using Skerman's micromanipulators, 17) to obtain a pure fungal culture. All the strains were cultured and maintained on a potato dextrose agar medium. For long-term storage, the strains were frozen at À80 C in a 10 wt. % aqueous glycerol solution.
Histidine kinase inhibition assay and screening. We produced GST-fused full-length SasA by inducing the pGEX vector (Pharmacia) with 0.2 mM IPTG on a background of E. coli DH5. The resulting inclusion bodies were purified as described. We assayed the HK inhibition as described by Aiba et al. 18) with modifications. GST-SasA (a final concentration of 75 mg/ml) was incubated in 40 ml of an assay buffer (50 mM Tris-HCl at pH 8.0, 0.5 mM EDTA, 2 mM dithiothreitol, 10% glycerol (v/v) containing 17.6 pmol [-32 P]ATP (925 GBq/mmol), 200 mM KCl, 20 mM MgCl 2 , and 7.5% DMSO (v/v) containing an inhibitory sample). After incubating for 30 min at 37 C, the reaction was stopped by adding 13.3 ml of an SDS buffer (250 mM Tris-HCl at pH 6.8, 4% SDS, 8% 2-mercaptoethanol, 60% glycerol, and 0.02% bromophenol blue), and then the mixture was heated for 5 min at 50 C. Each sample was resolved by SDS-polyacrylamide gel electrophoresis (15%), visualized by autoradiography using imaging plates (BAS-MS 2040, Fuji Film) and quantified by an image analysis using a BAS-2500 instrument (Fuji Film). For screening, each tester fungus was inoculated on to a KK415 medium (8 ml of a liquid component containing 2% polypeptone, 2% sucrose, 0.5% CaCO 3 , 0.1% yeast extract, and 0.002% MnCl 2 supplemented with a 0.5% trace salt solution; and a solid component containing 3 g of rice and 3 g of pressed barley per 100-ml Erlenmeyer flask), cultured for 12 d at 20 C, and then extracted with acetone (20 ml). The resulting supernatant (1 ml) was collected in 1.5-ml microcentrifuge tube, evaporated in vacuo, resuspended in 100 ml of DMSO, and then added to the reaction mixture for an assay of HK inhibition.
Fermentation and purification of Art1. Mycelia of Articulospora sp. were inoculated into the KK415 medium (5 flasks, 24 ml of the liquid component autoclaved with 12 g of rice and 12 g of pressed barley per 500-ml Erlenmeyer flask) and statically incubated at 20 C for 12 d. Each culture was extracted with acetone (100 ml), and the resulting supernatant was evaporated to dryness. Two-thirds of the extract (2.82 g) was applied to a Sep-Pak (ODS) cartridge (10 g, 35 cc, Waters) and eluted with 20%, 40%, and 100% aqueous acetonitrile. The 100% acetonitrile fraction was evaporated, re-applied to the same column, and eluted with 60%, 80% and 100% aqueous acetonitrile. The 60% acetonitrile fraction was applied to HPLC, using a Develosil ODS-HG column (10 Â 250 mm, Nomura Chemical Co.). The active fraction was eluted with 70% (v/v) acetonitrile containing 0.5% acetic acid at a flow rate of 4.7 ml/min (a retention time of 4.0 min) and lyophilized to afford 7.5 mg of Art1. Art1 was obtained as a redish-brown oil, and had its UV absorption maxima at 240 nm ("11,300), 268 nm ("10,600), and 360 nm ("3,900) in 50% aqueous acetonitrile.
Results and Discussion
Screening and HK inhibition assay We subjected 412 sources of aquatic hypomycetes to intensive screening of the potent inhibitor for SasA HK activity by the newly-developed in vitro method (for details, see the Materials and Methods section and Fig. 2  later) . The strains of the aquatic hypomycetes were identified on the basis of the morphology of asexual spores principally according to Ingold 14) and Carmichael et al. 19) The representative genera included in the fungal collection were as follows (percentage frequency): Tetracladium (11.2%), Varicosporium (10.2%), Alatospora (10.0%), Clavariopsis (8.5%), Anguillospora (7.3%), Articulospora (7.3%), Tetrachaetum (6.8%), Tricladium (4.9%), Tripospermum (4.6%), Volucrispora (3.9%), Lemonniera (3.4%), Flabellospora (2.7%), Triscelophorus (1.5%), and Dendrosporomyces (1.2%).
We found from the screening nine samples that showed strong activity (positive at a concentration equivalent to 0.05 ml of DMSO stock, see the Materials and Methods section), and 14 samples that showed weak inhibitory activity (0.5 ml) against SasA. We found that the extracts of some of these inhibitor producers included unsaturated fatty acids as the main active compounds. Furthermore, pure oleic acid, linoleic acid and -linolenic acid showed inhibitory activity at more than 100 mg/ml (data not shown), so we performed a second screening to identify the most potent and specific inhibitors. Since these active fatty acids were eluted with EtOAc/MeOH (4:1) from the silica-gel column chromatography, we performed a preliminary purification and checked whether the active compounds were fractionated into the same fraction as that of the fatty acids. We also evaluated whether the partially purified active compound(s) showed stronger activity than the fatty acids. Finally, we found the strongest activity in the partially purified fraction of fungus strain FA452.
As for the antibiotic-producing fungus, the spores had four long slender divergent arms with a constriction at the junction. Each arm was hyaline, septated, and 25-45-mm long. These characteristics indicate that the fungus belonged to the genus Articulospora. The active chemical was then further purified, and its structure was determined.
Isolation and structural analysis of Art1
The acetone extract of the Articulospora sp. culture broth (2.82 g) was fractionated twice by a Sep-Pak (ODS) cartridge and then the active fraction was purified by reverse-phase HPLC to yield Art1.
Art1 did not give a methyl ester and acetate, probably due to decomposition upon methylation by methanolic HCl and upon acetylation by an acetic anhydridepyridine mixed solution, so its EI mass spectrum could not be measured. The molecular weight of Art1 was determined from the observed ion at m=z 389 [ 13 C-NMR spectra of Art1 indicated residues of a polysubstituted naphthalene (C-1 to 8a), an aliphatic hydrocarbon moiety (C-2 0 to 10 0 ), a methylene group (C-1 00 ) as an isolated spin system, one carboxyl group (C-2 00 ) and one carbonyl group (C-1 0 ), as presented in Table 1 . The 13 C-NMR and DEPT spectral data indicated that a linear chain of eight methylene groups and a terminal methyl group comprised the aliphatic moiety. Conventional 2D NMR spectra of Art1 ( 1 H-1 H COSY, HMQC, and HMBC) were measured to clarify its structure. Three aromatic protons were correlated with aromatic carbons in the HMBC spectrum, indicating a 2,3,4,5,7-pentasubstituted feature of the naphthalene group (Table 1) , while the downfield shifts of C-4 ( C 158.8), C-5 ( C 158.4), and C-7 ( C 160.6) indicated substitution by oxygen atoms. In the HMBC spectrum, correlations were obvious between protons in the methylene group (H-1 00 ) and the carboxyl carbons (C-2 00 ), C-1, -2, -3 of the naphthalene, indicating that C-2 of the naphthalene was substituted by a carboxymethylene group (Fig. 1) . The correlations between the methylene protons in the aliphatic moiety (H-2 0 ) and the carbonyl carbon (C-1 0 ) indicated an acyl substitution at the remaining C-3 position of the naphthalene (Fig. 1) . To satisfy the molecular formula, the C-4, C-5 and C-7 positions should be substituted with hydroxyl groups, the carboxyl group in the carboxymethylene should be a carboxylic acid, and 8 methylene groups should compose the alkyl chain. Thus, all the signals in the 1 H-and 13 C-NMR spectra were assigned (Table 1) , and Fig. 1 shows the structure of Art1. Our structural analysis indicate a novel polysubstituted naphthalene structure for Art1. Hydroxyl substitutions at C-4, -5, -7 on the naphthalene ring, a carbonyl at C-1 0 and carboxyl at C-2 00 retained a polyketide pattern, indicating that Art1 had been synthesized via the typical polyketide pathway, using malonyl-CoA units as extenders.
Biological activity
We examined the ability of purified Art1 to inhibit GST-SasA autophosphorylation in vitro (Fig. 2) . Art1 completely inhibited the incorporation of labeled phosphate from [-32 P]ATP into GST-SasA at 25 mg/ml, the IC 50 value being 9.5 mg/ml. Since Art1 contained both hydrophilic carboxylic acid and a hydrophobic aliphatic long chain, we suspected that the activity of Art1 resembled that of the long-chain fatty acids as a consequence of nonspecific inhibition of the protein function. We found that Art1 (200 mg/ml) did not inhibit tryptic activity on bovine serum albumin (data not shown), which suggests that Art1 did not cause nonspecific inhibition. We further tested the effect of Art1 on a different kinase, and Art1 showed inhibitory activity against the T4 polynucleotide kinase at a concentration of 100 mg/ml. Although Art1 might be Novel Inhibitor of Bacterial Histidine Kinaseable to act as a kinase inhibitor, the active concentration was much higher than the concentration against SasA, so that T4 polynucleotide kinase might have been denatured or inhibited in a non-specific manner. Consequently, Art1 showed a certain degree of specificity to SasA. We tested the antimicrobial activity of Art1 against a panel of Gram-positive and -negative bacteria, yeasts, and filamentous fungi. However, Art1 did not inhibit the growth of any of the tested microorganisms at the tested concentration (100 mg/ml). A potent inhibitor in vitro does not always show potent antimicrobial activity in vivo, which is applicable to previously reported HK inhibitors. Despite thienopyridine (TEP) being a potent in-vitro inhibitor of HpkA HK from Termotoga maritima, no inhibitory activity was exhibited against Grampositive and -negative bacteria. 20) Possible explanations for this result include the hydrophobicity of TEP leading itself to become localized in the bacterial cell membrane and resulting in a decrease of its effective dose. Art1 has an aliphatic moiety that confers hydrophobicity, whereas it is less hydrophobic than TEP, probably due to hydroxyl and carboxyl groups, so that Art1 is soluble in 50% aqueous methanol. Therefore, it is unlikely that Art1 was localized in the cell membrane.
An other possible explanation is related to the specificity against a variety of HKs. Some of the synthetic inhibitors of Pseudomonas aeruginosa AlgR2, which transcriptionally activates alginate gene expression by activating response regulator AlgR1, did not show any toxicity against P. aeruginosa, whereas they specifically inhibited the synthesis of alginate that is believed to play a critical role in the pathogenesis of infection. 21) On the other hand, a zerumbone ringopening derivative has inhibited autophosphorylation of YycG, an essential HK of Bacillus subtilis, as well as exhibiting growth inhibition activity against MRSA and VRE. 22) In the first case, the specificity of the inhibitors was high enough to inhibit AlgR2, which belongs to the largest type I family, without affecting the activity of other expressed essential HKs, while the zerumbone derivative could inhibit essential HKs, including YycG, which belongs to type IV, the minority group, and resulted in showing wide-range antibiotic activity. Considering that SasA is a non-essential type I HK, it is probable that the specificity of Art1 was too high to inhibit a wide range of HKs, including expressed essential HKs. This hypothesis does not eliminate the potential of Art1 as a lead compound for antibiotics. RWJ-49815, an inhibitor of nonessential HK, which is involved in regulating the sporulation in B. subtilis, has shown wide-spectrum antimicrobial activity. 23) Our results suggest that Art1 could be the lead compound for a novel class of antibiotics. For the purpose of developing potent and useful antibiotics, it is important to evaluate the specificity of Art1 and its derivatives against various HKs, especially against essential HKs. 
